Abstract: Stilbene synthase genes make a contribution to improving the tolerances of biotic and abiotic stress in plants. However, the mechanisms mediated by these STS genes remain unclear. To provide insight into the role of STS genes defense against biotic and abiotic stress, we overexpressed VqSTS36 in Arabidopsis thaliana and tomato (Micro-Tom) via Agrobacterium-mediated transformation. VqSTS36-transformed Arabidopsis lines displayed an increased resistance to powdery mildew, but both VqSTS36-transformed Arabidopsis and tomato lines showed the increased susceptibility to Botrytis cinerea. Besides, transgenic Arabidopsis lines were found to confer tolerance to salt and drought stress in seed and seedlings. When transgenic plants were treated with a different stress, qPCR assays of defense-related genes in transgenic Arabidopsis and tomato suggested that VqSTS36 played a specific role in different phytohormone-related pathways, including salicylic acid, jasmonic acid, and abscisic acid signaling pathways. All of these results provided a better understanding of the mechanism behind the role of VqSTS36 in biotic and abiotic stress.
Introduction
Stilbene synthase (STS) is a key enzyme for the synthesis of phytoalexin stilbenoids through the polyphenol biosynthetic pathway [1] . These stilbenoids can be produced by a limited number of plants species, including red pine, peanut, sorghum, and grape [2] [3] [4] [5] ; they are secondary metabolites of plants with capacities of resistance against different environmental attacks [6, 7] , such as infection by pathogens, salinity stress, or drought stress. However, the potential mechanism of STS genes in pathogens resistance and its possible differential responses are still unclear. Further exploration is required to investigate precise relationship between STS genes and biotic or abiotic stress.
Grapevine is an economically important crop, but it is easily subjected to various pathogen diseases [8] . Major fungal diseases, including powdery mildew, Botrytis cinerea, and downy mildew, can cause severe yield losses and decline in fruit quality. It has been demonstrated that Vitis species, 
Over-Expression of VqSTS36-Enhanced Arabidopsis and Tomato Susceptibility to Botrytis Cinerea by Inducing the SA-Mediated Signaling Pathway
Powdery mildew is a biotrophic pathogen, VqSTS36 increases the resistance against it in Arabidopsis by activating an SA signal pathway. However, in this case, to investigate what kind of signaling metabolic pathway would be involved when VqSTS36 transgenic plants were subjected with the necrotrophic pathogen, B. cinerea, we assessed the influence of B. cinereal infection on plants.
First, after infected transgenic and WT Arabidopsis with B. cinerea for 5 days, the leaves presented chlorosis, oil-like lesions, and visible mycelium. However, transgenic plants showed more the number of diseased leaves than WT, and the lesion diameters of the transgenic lines (0.7 to 0.85 cm) were larger than WT (0.48 cm, Figure 2A ,B), which suggested the degree of decaying leaves from transgenic plants was more serious than that of WT. Three days after inoculation, the accumulations of dead cells and O2 − in the leaves were detected by trypan blue, see Figure 3A , and NBT staining, see Figure 3B , respectively. It was found that both these two indexes accumulated in transgenic Arabidopsis leaves were more than that in WT. Real-time PCR was used to analyze the expression levels of resistance-related genes in A. thaliana after inoculation. The results exhibited that AtPR1 
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Over-Expression of VqSTS36 Enhanced the Tolerance of Arabidopsis Seedlings to Salt and Drought Stresses
The seed germination rate under osmotic stress is important for the tolerance of plants. So the T3 transgenic and WT Arabidopsis seeds were sown into the medium supplemented with 130 mM NaCl or 250 mM mannitol to simulate salts or arid environments, respectively. The results showed that the seed germination rate of transgenic Arabidopsis was significantly higher than that of WT, see Figure  5A ,B. After 10 days from the time the seeds were subjected with Mannitol and NaCl stress, the accumulation of O2 − in transgenic lines was less than that in WT, see Figure 5C ,D, indicating that the 
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Profile Expression of VqSTS36 Transgenic Arabidopsis Seedlings Respond to Osmotic Stress.
In order to explore the potential signal pathway of VqSTS36 to enhance Arabidopsis stress tolerance resistance, this study analyzed the expression profile of stress-related genes, including AtRD29A, AtRD29B, AtRD22, and AtNCED3 genes, in transgenic Arabidopsis seedlings after 7 days of salt and drought treatment, see Figure 7A ,B. The AtRD29A and AtRD29B genes are important genes downstream of the ABA biosynthetic pathway [29] , AtRD22 is not only involved in the response of ABA signaling to abiotic stress but also has a response to dehydration [30] ; AtNCED3 is the indicator of ABA biosynthesis [31] . Real-time quantitative analysis showed that after drought treatment of Arabidopsis seedlings, the expression of AtRD29B, AtNCED3, and AtRD22 in transgenic Arabidopsis were up-regulated by 35-to 50-fold, 1.4-to 1.9-fold and 4-to 8-fold, respectively, which was significantly higher than that of transcription level in WT seedlings, see Figure 7A . Under salt treatment, the transcription level of AtRD29A was down-regulated and showed no obvious difference between the transgenic and WT Arabidopsis seedlings. While the expression of AtRD29B was up-regulated 5-to 8-fold in VqSTS36 over-expressing Arabidopsis seedlings, with a value higher than in WT. Besides, AtNCED3 expression was increased 5-fold but was down-regulated in the WT, see Figure 7B . (C) 7 days old VqSTS36 transgenic (L31, L35, and L36) and WT seedlings were transferred from the MS medium to an MS medium supplemented with 250 mM mannitol, 130 mM NaCl, and chlorophyll content was assessed 7 days following the initiation of osmotic stress treatments. Data represent mean values ± SD from three independent experiments. Asterisks indicate significant differences between WT and transgenic lines as determined by Student's t-test (* 0.01 < p < 0.05, ** p < 0.01).
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Discussion
Pathogens disease, drought, and high salinity can cause serious damage to plant growth and development, fruit yield, and quality. Grapevine is an agriculturally economic fruit, which is easily attacked by biotic and abiotic stress from the environment. Fortunately, STS genes can not only enhance plant's disease resistance [32] but also benefit human health by synthesizing phytoalexins [33] . Therefore, the research of functional STS genes can provide a genetic resource for new grape breeding in the future.
However, even if grapevines possess STS genes, different resistance are demonstrated by the varieties of species. For example, European varieties of grapevine are highly susceptible to powdery mildew, while 18 Vitis species derived from China were demonstrated carry resistance to powdery mildew [34] . In order to explore role of STS genes in disease resistance, STS genes have been successfully introduced in different species, such as white poplar [35] , apple [36] , lettuce [37] , papaya [38] , Arabidopsis [39] , tomato [40, 41] , hop [42] , grape [4] , and kiwifruit [43] . Although, in most cases, the resistance of transgenic lines to fungal infections was increased to some extent, pathogen invasion was often not eradicated completely and instead morbidity were just partially alleviated or postponed [41, 43] . Vitis stilbene synthase gene introduced into kiwifruit (Actinidia deliciosa) did not enhance the resistance to B. cinerea [43] . Heterologous expression of STS in transgenic tomatoes increased resistance against Alternaria solani but not B. cinerea [41] . Besides, after the inoculation of powdery mildew, the transcription level of STS genes was significantly enhanced in powdery mildew-susceptible V. vinifera compared to that in powdery mildew-resistant V. aestivalis, which implied that resistance to powdery mildew in V. aestivalis was not related to the changes in the transcriptome of the STS genes [44] . They also found that endogenous SA levels were higher in V. aestivalis than V. vinifera in the absence of powdery mildew, while SA levels were enhanced in V. vinifera post-infection of the fungi [44] . In our study, over-expressing VqSTS36 in Arabidopsis showed an enhanced disease resistance to powdery mildew, see Figure 1B . The relative expression levels of osmotic stress-responsive genes were assayed in seedlings via qPCR 7 days following initiation of salt (A) and drought (B). Data represent mean values ± SD from three independent experiments. Asterisks indicate significant differences between WT and transgenic lines as determined by Student's t-test (* 0.01 < p < 0.05, ** p < 0.01).
However, even if grapevines possess STS genes, different resistance are demonstrated by the varieties of species. For example, European varieties of grapevine are highly susceptible to powdery mildew, while 18 Vitis species derived from China were demonstrated carry resistance to powdery mildew [34] . In order to explore role of STS genes in disease resistance, STS genes have been successfully introduced in different species, such as white poplar [35] , apple [36] , lettuce [37] , papaya [38] , Arabidopsis [39] , tomato [40, 41] , hop [42] , grape [4] , and kiwifruit [43] . Although, in most cases, the resistance of transgenic lines to fungal infections was increased to some extent, pathogen invasion was often not eradicated completely and instead morbidity were just partially alleviated or postponed [41, 43] . Vitis stilbene synthase gene introduced into kiwifruit (Actinidia deliciosa) did not enhance the resistance to B. cinerea [43] . Heterologous expression of STS in transgenic tomatoes increased resistance against Alternaria solani but not B. cinerea [41] . Besides, after the inoculation of powdery mildew, the transcription level of STS genes was significantly enhanced in powdery mildew-susceptible V. vinifera compared to that in powdery mildew-resistant V. aestivalis, which implied that resistance to powdery mildew in V. aestivalis was not related to the changes in the transcriptome of the STS genes [44] . They also found that endogenous SA levels were higher in V. aestivalis than V. vinifera in the absence of powdery mildew, while SA levels were enhanced in V. vinifera post-infection of the fungi [44] . In our study, over-expressing VqSTS36 in Arabidopsis showed an enhanced disease resistance to powdery mildew, see Figure 1B Both resistances to pathogens and susceptibility of VqSTS36 were linked to the variation in the SA defense signal response in the transgenic plants. SA plays a pivotal role in plant defense as well as the activation of defense responses to biotrophic pathogens by inducing the expression of pathogenesis-related (PR) gene [45] . A flexible signaling network between SA and JA was demonstrated to allow plants to adjust their defense responses to invaders [46] . Biotrophic pathogens are more generally deterred by SA-mediated defenses, whereas necrotrophic pathogens are commonly sensitive to JA/ET-mediated responses [47, 48] . Previous studies showed that both SA and JA messengers can be antagonistic. Induction of the SA response, either by pathogens inoculation or by application of exogenous SA, strongly restrained JA-related genes [49, 50] . An exopolysaccharide, produced by B. cinerea, could induce the SA pathway response, which caused the promotion of disease morbidity. Plant cell death is believed to be facilitated by producing an oxidative burst activated by the host cells in reaction to B.cinerea [14] . In this study, both necrotrophic and biotrophic pathogens significantly induced the SA signaling pathway while inhibiting the JA response in VqSTS36-transformed Arabidopsis, which lead to an enhanced resistance against powdery mildew, but an increased susceptibility to B. cinerea, see Figures 1E, 3C and 4C. Identically, VqSTS36 transgenic tomato also provided evidence.
UV irradiation can cause serious damage on the growth and development of plants by triggered reactive oxygen species (ROS), while it has been proven that STS gene and its production can protect plants by reducing the accumulation of ROS [51] . The antioxidant activity of STS gene in transgenic tomato was two times greater than that in untransformed ones [52] . Excess ROS activated by osmotic stress cause drought sensitivity [53, 54] , whereas low levels of ROS increases tolerance to osmotic stress [55] . Studies also proved that STS genes are linked with the improvement of resistance when plants are suffering from stress such as drought or high salinity. Osmotic stress lead to up-regulation of the expression of STS genes and activated stilbenoid biosynthesis [56] [57] [58] . In this current study, we found that VqSTS36 significantly enhanced Arabidopsis seedling resistance to osmotic stress by the induction of ABA signaling response, see Figure 7 , and reduced the ROS activated by osmotic stress, see Figures 5 and 6 . However, this tolerance did not show in mature transgenic Arabidopsis, and further research is still required to interpret the precise role of STS gene functioning in the tolerance to drought or salt stress.
Materials and Methods

Construction of Vector
Total RNA was extracted from V. quinquangularis cv. "Shang-24" leaf samples using the E.Z.N.A. ® Plant RNA Kit (Omega Biotech, Norcross, GA, USA). The first strand cDNA synthesis was carried out using PrimerScript TM RTase (TaKaRa Bio Inc., Dalian, China). Amplification of cDNA was conducted using 2 × Taq PCR MaterMix (BioSci Biotech, Hangzhou, China) and specific primers, see Supplementary Table S1 .
The full-length grape VqSTS36 coding sequence was amplified using gene-specific primers F1 (5 -CATGGCTTCAGTTGAGGAAATCAG-3 ) and R1 (5 -GGGGGGATAATGAAACAGTGAGATA-3 ) and 2×Taq PCR MasterMix (BioSci Biotech, Hangzhou, China). The PCR product was cloned into the pGEM ® -T Easy vector (Promega, Madison, WI, USA). Amplified VqSTS36 sequence using gene-specific primers with restriction sites F2 (5 -CGCGGATCCATGGCTTCAGTT GAGG-3 Sma I site underlined) and R2 (5 -CTACCCGGGGTACCATTCCCCTTC AC-3 BamH I site underlined). Following cloning, the VqSTS36 sequence was inserted downstream of the CaMV 35S promoter in a pCambia 2300 vector (Cambia, Brisbane, Queensland, Australia; Figure 1A ), then introduced into Agrobacterium tumefaciens (strain GV3101) using electroporation.
Arabidopsis Transformation
The above plant transformation vector was introduced into A. thaliana (Col-0) using the floral dip method [59] . We obtained 57 independent positive transgenic lines. To identify transgenic lines, T 1 seeds were harvested and sown on MS medium added with 75 mg/L kanamycin. According to the PCR detection and phenotype of transgenic plants' resistance against powdery mildew (Golovinomyces. cichoracearum), three T 3 homozygous lines (L31, L35 and L36) were generated with universal representation and then utilized for subsequent experiments, wild-type (WT) plants were used as the untransformed control. All Arabidopsis plants were grown at 21 to 23 • C with a 16 h/8 h photoperiod (100 µmol m −2 s −1 photon flux density) at~60% relative humidity (RH) on soil.
Transformed Arabidopsis Pathogens Inoculation
Four-week old transgenic A. thaliana and WT were infected with powdery mildew (G. cichoracearum) through gentle contact with leaves exhibiting disease symptoms. Subjected plants were incubated at 22 • C with~80% RH for 3 days following inoculation, and then transferred to the proper condition with 30~40% RH. The response of VqSTS36 transgenic plants and WT were monitored for 7 days. Each experiment was conducted in triplicate.
B. cinerea was cultured on potato dextrose agar medium at 25 • C in the dark. Conidial spore suspensions (2 × 10 7 conidia/mL) were prepared with 14-day old cultures using sterile ddH 2 O as described previously [39] . Four-week old plants, including the three transgenic lines (L31, L35, L36) and WT were rinsed with 10 µL conidial suspension. Inoculated plants were incubated at 22 • C under a 16 h light and 8 h dark photoperiod and 80 to 90% RH. Disease incidence and lesion diameter were recorded daily. Each experiment was conducted in triplicate.
Detection of Cell Death and Superoxide Accumulation in Arabidopsis Leaves Treated with Pathogens
Following pathogen inoculation, using trypan blue and nitro blue tetrazolium (NBT) stainings to measure cell death and Superoxide anions (O 2 − ) accumulation, respectively, in leaves detached from transgenic Arabidopsis and WT. Experiments involving powdery mildew and B. cinerea were carried out at 4 dpi and 3 dpi, respectively. In the case of trypan blue, staining was conducted as described previously [39] . Briefly, inoculated leaves were immersed in boiled trypan blue solution (a 1:1:1:1:1 ratio of water, trypan blue, phenol, glycerol, and lactic acid) for 2 to 3 min, and then were decolorized in 2.5 g/mL chloral hydrate for 1 to 2 days. For NBT staining, infected leaves were socked in HEPES buffer (pH 7.5) containing 6 mM NBT for 2 to 3 h [26] . Each experiment was conducted in triplicate.
Tomato Transformation
Tomato transformation was performed as described previously with some modification [60, 61] The fully expanded cotyledons were extracted from 10-day old tomato, seedlings were cut with two incisions paralleled to the vein, and leaves were upturned and cultured on the pre-culture medium 
Transformed Tomato Infected with Botrytis Cinerea
Using the same method as Arabidopsis plants infected with B. cinerea to prepare the conidial spore suspensions (2 × 10 7 conidia/mL). Specifically, leaves separated from transgenic and wild-type tomato were rinsed with sterilized ddH 2 O, and then placed on a 1% agarose overlay in a Petri dish. A total of 10 L spore suspensions were inoculated on detached leaves, followed by culturing at 25 • C under a 16 h light and 8 h dark photoperiod, and RH kept at 90% to 95%. The disease incidence and lesion diameter were recorded daily and leaves were collected after 5 days for the analysis of transcription levels of related genes. Each experiment was conducted in triplicate.
Effect of Osmotic Stress on the Seeds and Seedlings of Transgenic Arabidopsis
To assess cotyledon greening rates of transformed Arabidopsis following salt and drought stress. T 3 seeds of transgenic lines and WT with antiseptic to be soaked in 75% ethanol for 30 s, washed with sterilized ddH 2 O a total three times, then immersed in 10% NaClO for 3 to 5 min, and finally washed with sterilized ddH 2 O a total of five times. To detect the optimistic concentrations of mannitol and NaCl for cotyledon greening rates, both transgenic and WT seeds were sown on MS medium supplemented with different concentrations of mannitol and NaCl. Then, 120 sterilized seeds were sown on MS medium containing 250 mM mannitol and 130 mM NaCl to mimic salt and drought stress, respectively [26, 39] , and were incubated at 21 to 23 • C under a 16 h light and 8 h dark photoperiod. Cotyledon greening rates were recorded daily. Each experiment was conducted in triplicate.
To determine the response of seedlings to osmotic stress, four-day old transgenic and WT seedlings which had been cultivated on MS medium were transferred to either a new MS medium or an MS medium containing 250 mM mannitol or 130 mM NaCl, respectively. Root lengths were measured 6 days following both types of osmotic treatment. In each instance, experiments were carried out in triplicate.
For the measurement of the chlorophyll content of plants. VqSTS36 transgenic lines and WT seeds were sown on MS medium plates, and 7-day old seedlings were subsequently transferred to flasks containing MS liquid medium supplemented with 130 mM NaCl or 250 mM mannitol. Seven days following the commencement of osmotic stress treatment, seedlings were collected for physiological assessments. To measure chlorophyll content, 0.1 g seedlings with their roots removed were submerged in 5 mL 96% ethanol and incubated at 4 • C until the seedlings turned white.
Analysis of Quantitative Real-Time PCR
Total RNA was extracted using the Ultrapure RNA kit (ComWin Biotech, Beijing, China), and first-strand cDNA synthesis was performed according to the TransScript (Transgene Biotech, Beijing, China), which contained 200 ng total RNA. Subsequent qPCR assays were carried out using 2 × TransStart Tip Green qPCR Supermix (Transgene Biotech). Gene-specific primers used are listed in the supplementary, Table S1 . The PCR parameter is: 94 • C denaturing 30s; 94 • C, 5s; 60 • C, 30s, the cycle number is 40. Arabidopsis plants with AtActin2 and tomato plants with SlActin as the internal reference genes, respectively.
Statistical Analysis
Data analysis and charts were made using the SigmaPlot software. Mean values (±SD) were determined from the data set for three replications. Differences between stress treatments were examined with Student's t-test, and were considered statistically significant at p < 0.05.
